When a strain of Shigella flexneri and then a strain of Escherichia coli were implanted at an interval of 1 day in the digestive tract of germfree mice, the S. flexneri was eliminated in 8 days. However, when S. flexneri was monoassociated with germfree mice in the absence of E. coli, a population of S. flexneri appeared which was resistant to the antagonistic effects of E. coli in vivo. The emergence of this population appeared to be a stepwise process, extending over a period of 3 months. The interaction between S. flexneri and E. coli in vivo and in vitro was significantly different in that the Shigella capable of coexisting with E. coli in the digestive tract was suppressed by that organism in vitro.
coli in the digestive tract was suppressed by that organism in vitro.
Hentges (6) has demonstrated that some strains of Escherichia coli exert an antagonistic effect in vitro upon Shigella flexneri. Maier and Hentges (7) have shown that this antagonistic effect is also manifested in vivo in the digestive tract of gnotobiotic mice. These were short-term experiments in which the strain of Shigella was associated with the host for only a brief interval. The present study was undertaken to determine whether or not prolonged association of S. flexneri with the host would modify the sensitivity of this strain to the antagonistic effect of E. coli.
MATERIALS AND METHODS
Maintenance and inoculation of animals. Adult germfree C,H mice were fed a commercial diet sterilized by autoclaving. For long-term studies, the mice were maintained in plastic, Trexler-type isolators. These mice were inoculated per os with the various bacterial strains by esophageal intubation. Each inoculum had a volume of 1 ml, containing 2 x 109 viable cells of E. coli or 3 x 108 viable cells of S. flexneri. For the short-term studies, germfree mice were transferred from the plastic isolators into glass jars in which they were individually maintained as previously described (3) . In these short-term studies, the germfree mice were first associated with S. flexneri and then, 1 day later, with E. coli. These animals were inoculated by injecting 1 ml of the appropriate culture directly into the individual drinking water tubes. In the case of animals housed together in an isolator for the long-term experiments, pooled, freshly passed feces were used for bacterial enumeration. In the short-term experiments, freshly passed feces were collected from animals, individually, 1 week after introduction of E. coli, at which time the experiments were terminated.
Bacterial strains. The strain of S. flexneri used to initiate these experiments (SF1) was a streptomycinresistant mutant selected from a strain in the collection of the Pasteur Institute, Paris. The strain of E. coli used throughout this study was originally isolated by us from the cecal contents of conventional mice.
Bacterial cultures. The cultures of S. flexneri and E. coli used for inoculation of the animals were grown for 18 h at 37 C in liquid medium C, previously described (1) . For enumeration of Shigella in feces or cecal contents, serial decimal dilutions were poured into medium C, to which 90 Ag of streptomycin per ml had been added. Similarly prepared dilutions were grown in deoxycholate agar (Difco) for enumeration of E. coli. For the in vitro studies of the nutritional requirements of S. flexneri, the synthetic medium described by Hentges (5) was used, with and without addition of various amino acids. For the in vitro studies of mixed cultures of S. flexneri and E. coli, tubes of liquid medium C were used. In these experiments, the two organisms were enumerated 12 h after inoculation of the medium with 104 viable cells of each strain. To assess the sensitivity of Shigella to acetic acid, the growth rate of various strains at 37 C was measured with a Bonnet-Maury biophotometer, by using liquid medium C containing different amounts of acetic acid, and adjusted to pH 6.0 (6). The elimination of Shigella from the digestive tract of conventional mice was assessed as described previously (2) .
RESULTS
Interaction between Shigella SF1 and E. coli. The original strain of S. flexneri, SF1, was sensitive in vivo to the antagonistic effect of E. coli. When germfree mice were first inoculated with SF1, followed in 24 h by E. coli, the numbers of Shigella recovered 1 week later in feces were markedly reduced ( Table 1 , line 1), as compared with counts on the order of 109 regularly found in mice inoculated only with SF1 and not followed by E. coli (Table 1, line 4) .
Emergence of a resistant strain of Shigella. Strain SF1 was inoculated per os into 15 germfree mice kept in an isolator. One day after inoculation, the population of SF1 had reached 4.0 x 109 bacteria per g of pooled feces and thereafter remained between 1.0 x 10' and 6.0 x 109. After three months, E. coli was administered per os to the 15 mice harboring Shigella. It was found that the S. flexneri was no longer sensitive to the effects of E. coli. In fact, the two populations were found to coexist in the feces, S. flexneri in numbers between 1.0 x 109 and 6.0 x 109, and E. coli in numbers between 2.0 x 109 and 1.0 x 1010 bacteria per g of fresh feces. This equilibrium was maintained during the 3 months after implantation of E. coli. A clone of Shigella isolated from the population in these mice at the end of the experiment was designated SF2. When germfree mice kept in individual jars associated first with SF2 and 24 h later with E. coli, it was found that the antagonistic effect seen with the parent strain SF1 no longer existed. SF2 and E. coli coexisted in approximately equal numbers at the end of the 8-day test period (Table 1, line 2) . Furthermore, the number of SF2 was the same in these mice as in mice associated only with SF2 (Table 1, line 5 ). This resistant character of SF2 was maintained through several subcultures of the Shigella in vitro, as shown by subsequent testing in vivo as above. Sequence of appearance of SF2. To determine the time of appearance of a clone of SF2, 10 germfree mice in an isolator were inoculated per os with SF1, and single mice were transferred serially thereafter into individual glass jars for study. Beginning 2 weeks after initial implantation of SF1, and at regular intervals thereafter, one of the Shigella-associated mice was placed in a jar, removed from the main isolator, and inoculated per os with E. coli. Each such animal was killed 1 week after inoculation of E. coli to determine the numbers of the two organisms in freshly passed feces.
In the feces of the mice in the main isolator mono-associated with Shigella, the population of this organism remained between 1.0 x 109 and 5.0 x 109 throughout the experiment. In the first two mice transferred from the isolator to jars, the population of Shigella was eliminated completely 1 week after the addition of E. coli (Fig. 1) . In the third mouse removed, studied 45 days after inoculation of SF1 in the isolator, a small population of Shigella remained 1 week after inoculation of E. coli. The size of this population of Shigella resistant to E. coli was found to be greater in the fourth, fifth, and sixth mice removed. In the seventh mouse, studied 105 days after inoculation of the original Shigella SF1, there was a large population of Shigella with the characteristics of SF2, i.e., resistant to the effects of E. coli. This population remained stable throughout 5 additional months of sampling.
During these long-term studies, a litter of mice was born in the main isolator. Emergence of a partly resistant strain. In the course of the experiment described above, the feces of the fourth mouse studied (at 60 days after the inoculation of SF1) were sampled as the animal was transferred from the main isolator into a jar. From the sample, a clone of Shigella, designated SF3, was isolated. In a short-term experiment, this clone was found to have a resistance to E. coli intermediate between that of SF1 and SF2 (Table 1 , line 3). This characteristic was likewise found to be stable through several subcultures in vitro, followed by testing in vivo.
When SF3 was first detected in the fourth mouse removed from the isolator, the feces of the mice remaining in the isolator were cultured in serial dilution to detect separate clones of Shigella. Thirty colonies isolated from plates of the 10-8 dilution and 18 colonies from plates of the 10' dilution were individually subcultured.
The 30 subcultures of colonies from the 10-8 dilution were inoculated per os into three germfree mice kept in jars, with each mouse receiving 0.1 ml of' each of 10 cultures. The 18 subcultures from the 10' dilution were inoculated together into a fourth mouse. E. coli was then implanted per os in these mice, which were killed 1 week later. The mice that had been inoculated with subcultures from the 10-8 dilution were found to harbor a Shigella with the resistance characteristics of SF2. However, the mouse inoculated with organisms obtained from the 10' dilution was found to have a Shigella on which E. coli no longer had an antagonistic effect, indicating that at least one SF2-type clone was present in the 18 samples derived from the 10-' dilution. When the same type of experiment was performed after the sixth mouse was taken from the isolator, the population of SF2-type organisms had increased, as indicated by the fact that such organisms were readily found to be present in the 108 dilution of feces from the mice remaining in the isolator.
Other characteristics of SF1 and SF2. When S. flexneri SF1 is implanted per os in conventional mice, it is rapidly eliminated (2) . Given the resistance of SF2 to the effects of E. coli, it was of interest to determine the fate of this strain after inoculation into conventional mice. Despite their difference in sensitivity to E. coli alone, SF1 and SF2 were eliminated in the same way from the intestinal tract of conventional mice (Table 2) . Similarly, despite their in vivo differences, SFl and SF2 were equally sensitive in vitro to the inhibitory effects of acetic acid (Table 2) . Furthermore, when the two strains were incubated separately with E. coli in vitro, SF2 was inhibited to an even greater extent than SF1 (Table 2) . SF1 was found to be capable of growth in the synthetic medium described by Hentges (5), while SF2 was not (Table 3) . Of all growth factors tested, cysteine, serine, or proline individually could restore the growth of SF2. Pool A consists of phenylalanine, arginine, alanine, asparagine, glutamic acid, cysteine, valine, tryptophane, glycine, threonine, tyrosine, serine, proline, histidine, isoleucine, leucine, lysine, and methionine.
c Pool B consists of Pool A without cysteine, serine, and proline.
DISCUSSION
These experiments demonstrate that, in mice mono-associated with S. flexneri for prolonged periods of time, the dominant microbial population changes with respect to some of its characteristics. Although the Shigella initially present was sensitive to the antagonistic effects of E. coli in vivo, the population obtained approximately 3 months later was composed of organisms resistant to that effect. This replacement of one population by another appears to occur in a stepwise fashion, with evidence of increasing resistance to the effects of E. coli at each successive stage. Given the fact that this resistance appears in the absence of E. coli, it is evident that the resistance as such is not a selective factor in the emergence of a new population in the mono-associated host.
The present experiments do not indicate which characters of the new populations of Shigella are responsible for their improved adaptation to ecological conditions within the digestive tract. Although the resistant population SF2 has different nutritional requirements in vitro than the original sensitive population SF1, there is no evidence linking these differences to the differences in resistance of the two strains seen in vivo. In fact, the nutritional requirements in vitro of the partly resistant strain SF3 are not found to differ from those of SF1. 'I'he finding that each of the strains of Shigella, SF1, SF2, and SF3, is equally sensitive to acetic acid in vitro suggests that the antagonistic effect of E. coli on S. flexneri in the digestive tract of gnotobiotic mice is probably not due to production of that material by E.
coli. In fact, the basic nature of the interaction between E. coli and S. flexneri in vivo in the digestive tract is obviously different from that in vitro in mixed culture.
Acquisition of the ability to coexist in vivo with E. coli alone does not enable S. flexneri to become established in conventional mice. As Freter and Abrams (4) have indicated, there appears to exist a number of integrated mechanisms that act conjointly to insure elimination of a given bacterial population from the digestive tract. Nevertheless, the selection by the host of such mutants as SF2 in a bacterial population could constitute one step in the establishment of an autochthonous microflora in the digestive tract.
